As the proteomics project has progressed during recent years, scientists are purifying and identifying ever smaller proteins that are active at very low concentrations in biological fluids. The routine methods of protein determination (such as the Lowry 1 and Bradford 2 methods) are not possible to control the protein concentration in these studies due to their low sensitivities. Although a high sensitivity of protein assay can be obtained by silver staining, 3,4 colloidal gold staining 5 and fluorometric methods, 6-9 they require a complicated procedure or expensive reagent. Recently, a resonance light scattering (RLS) technique, as a new spectral method, has been widely studied to determine proteins based on protein aggregation, or the interaction between proteins and dyes. [10] [11] [12] [13] [14] However, RLS generally suffers from the disadvantage of an instable response signal resulting from serious effects of the experimental and instrumental conditions. Also, most of the RLS assays can only allow the determination of proteins at concentrations higher than 0.1 µg/ml because of their high background. It is thus still desired to develop some sensitive, inexpensive and rapid techniques for the determination of proteins.
As the proteomics project has progressed during recent years, scientists are purifying and identifying ever smaller proteins that are active at very low concentrations in biological fluids. The routine methods of protein determination (such as the Lowry 1 and Bradford 2 methods) are not possible to control the protein concentration in these studies due to their low sensitivities. Although a high sensitivity of protein assay can be obtained by silver staining, 3, 4 colloidal gold staining 5 and fluorometric methods, [6] [7] [8] [9] they require a complicated procedure or expensive reagent. Recently, a resonance light scattering (RLS) technique, as a new spectral method, has been widely studied to determine proteins based on protein aggregation, or the interaction between proteins and dyes. [10] [11] [12] [13] [14] However, RLS generally suffers from the disadvantage of an instable response signal resulting from serious effects of the experimental and instrumental conditions. Also, most of the RLS assays can only allow the determination of proteins at concentrations higher than 0.1 µg/ml because of their high background. It is thus still desired to develop some sensitive, inexpensive and rapid techniques for the determination of proteins.
It is well known that the chemiluminescence (CL) method can achieve high sensitivity by using a simple instrument. It has been exploited with a wide range of applications in different fields. [15] [16] [17] However, the direct detection of proteins with the CL method has been restricted because the general proteins can not produce CL signal directly. Hara et al. have described a series of methods for protein determination based on the suppression of CL reactions catalyzed by metal ions. [18] [19] [20] In previous papers, 21, 22 it has been demonstrated that an unsaturated complex of Cu(II) with proteins has a strongly catalytic effect on the luminol and 1,10-phenanthroline CL reaction. Based on this result, a simple and sensitive CL assay for proteins has been established. However, all of these CL methods for protein determination were based on the difference in the CL intensity between metal ions and the complexes of metal ions with proteins. Thus, these CL methods must be applied under rigid experimental conditions, and the sensitivity has been limited by the high CL background.
In the present work, we discovered that CL emission produced by an unsaturated complex of Cu(II) with proteins is much more long-lived than that by free Cu(II). The CL signals originated from proteins were identified and measured with a timeresolved technique. Due to the decrease in the CL background by using a time-resolved technique, the proposed method has about an order of magnitude higher sensitivity for protein detection compared to that of the former CL method.
Reagent
Stock solutions of proteins at 100 µg/ml were prepared by dissolving the proteins in doubly distilled water and stored in a refrigerator at 4˚C. Working solutions were obtained by serially diluting the stock solutions immediately prior to use. The proteins in this study involved bovine serum albumin (BSA), human serum albumin (HAS), γ-globulin (γ -G), chicken egg albumin (CEA) (Sigma Co.), bovine albumin fraction V (BAF V) (Sine-American Biotec, Beijing, China) and Gelatin (Tianjin Biochemistry Ltd., Tianjin, China).
Solutions of Cu(II) were prepared by serial dilution of a 1 × 10 -2 M stock solution of CuSO4·5H2O (A. R., Beijing Chemical Plant, Beijing, China). A stock solution of 2.5 × 10 -2 M luminol was prepared by dissolving luminol (Shanxi Normal University, Xi'an, China) in 0.1 M NaOH.
All other reagents were of analytical reagent grade and used as purchased without further purification. Doubly distilled water was used throughout.
General procedures
In a 10 ml calibrated flask, a 1.0 ml Cu(II) solution (1 × 10 -4 M), an appropriate working solution of proteins, and a 1.0 ml H3BO3-NaOH buffer solution (0.02 M, pH 9.6) were mixed and diluted to the mark with water. After incubation for 45 min at room temperature, 100 µl of the mixture was transferred into a quartz CL reaction tube using a pipette; then, 200 µl of the CL reagent was injected by a quantitative injector and the CL intensity-time profiles were measured and recorded immediately. The peak height of the CL signal produced by proteins was used to determine the amount of proteins.
Results and Discussion

Chemiluminescence intensity-time profiles of Cu(II) and the mixture of Cu(II) and proteins
As can be seen from Fig. 1 , the CL signals of a and c reach their maximum values only for 0.6 s, and then decay quickly. They should be produced by free Cu(II) in the solutions, because it is well known that the CL reaction of luminol and H2O2 catalyzed by Cu(II) is very fast. Except for free Cu(II) in the Cu(II) solution adjusted pH value to 9.6 by H3BO3-NaOH buffer, only Cu(OH)2 or some other complex of Cu(II) and OHcan probably catalyze the CL reaction and result in the CL signal of b, which reaches its maximum value at 102.5 s. The CL signal of d, which reaches its maximum value for 72.0 s and is about 5-times higher than the blank CL intensity, demonstrates that the complex of the protein and Cu(II) can strongly catalyze the CL reaction of luminol and H2O2. To sum up, free Cu(II), Cu(OH)2 or some other complex of Cu(II) and OH -, and the complex of Cu(II) and protein have greatly different CL lifetimes. Therefore, the CL signal produced by the protein is easily identified and measured using the timeresolved method.
Catalytic activity of protein-Cu(II) complex on the CL reaction
It has been documented that the catalytic activity of Cu(II) for the CL reaction of luminol and H2O2 decreased when Cu(II) interacted with proteins in a previous study, 18 in which Cu(II) was used at a lower concentration of 5 × 10 -6 M. Figure 2 shows the effect of the relative concentration of BSA to Cu(II) on the CL intensity, where the blank CL intensity of Cu(II) in the absence of BSA had been subtracted for each value. As shown in Fig. 2 , by using 1 × 10 -5 M Cu(II), the CL intensity increases with increasing the BSA concentration when it is less than 5.0 µg/ml. However, the CL intensity is lower than the blank signal of Cu(II), and an increasing the BSA concentration results in a decrease of the CL intensity when the BSA concentration is greater than 10 µg/ml. In addition, the CL intensity continuously increases with increasing BSA concentration in the range of 1.0 to 20.0 µg/ml when Cu(II) is employed at a higher concentration of 1 × 10 -4 M. Obviously, the protein-Cu(II) complex has a strongly catalytic activity on the CL reaction when the relative concentration of BSA to Cu(II) is lower, where the protein and Cu(II) can form an unsaturated complex because the Cu(II) is excessive. However, the protein suppresses the catalytic activity of Cu(II) on the CL reaction when the relative concentration of BSA to Cu(II) is higher, where the protein and Cu(II) form a saturated complex and the complex loses its catalytic activity on the CL reaction.
On the other hand, it can also be seen from Fig. 2 that the BSA ranged from 0.01 to 5.0 µg/ml could be determined by using Cu(II) at 1 × 10 -5 M. However, the BSA concentration only above 1.0 µg/ml could be detectable when Cu(II) was used at 1 × 10 -4 M. Therefore, 1 × 10 -5 M Cu(II) was employed to study the protein determination in the present work.
Optimization of CL reagent
Different buffer solutions (including Na2CO3-NaHCO3, K2HPO4-NaOH, and NaOH) were studied so as to adjust the pH value of the CL reagent. The optimal buffer solution was found to be a 0.01 M Na2HPO4-NaOH buffer solution because the CL intensity of the protein reached a maximum value with this buffer solution. The optimization of CL reagent pH was studied over the pH range from 11 to 12. As shown in Fig. 3 , the CL M Cu(II), and (2) 1 × 10 -5 M Cu(II) and 1.0 µg/ml bovine albumin fraction V (both in 2.0 mM H3BO3-NaOH buffer, pH 9.6). intensity of both the Cu(II)-protein complex and a blank of Cu(II) increased with increasing the pH value of the CL reagent solution. However, the difference in the complex and the blank approximately remained constant when the pH was greater than 11.4, and the CL intensity ratio of the complex to the blank had a maximum at pH 11.4. Thus, pH 11.4 was chosen as the optimum pH of the CL reagent solution. The effect of luminol and H2O2 concentration on the CL intensity of protein is shown in Fig. 4 . It can be seen that the CL intensity continually increased as the luminol and H2O2 concentrations increased. However, the CL intensity increased very little when the luminol concentration was greater than 5 × 10 -4 M, and the concentration ratio of H2O2 to luminol was greater than 20. Therefore, 5 × 10 -4 M luminol and 1 × 10 -2 M H2O2 were chosen as being optimum for subsequent work.
Effect of the sample pH and buffer concentration
As shown in Fig. 5 , the CL intensity of the complex of Cu(II) and protein reached its maximum value at pH 9.6, indicating that the complex had the greatest stability at this pH value. The result was coincident with that from the literature. 21 The effect of the buffer concentration on the CL intensity of the Cu(II)-protein complex is presented in Fig. 6 . The complex produced the maximum CL at 2 mM of the buffer, and then the CL intensity gradually decreased with increasing the buffer concentration. The result indicated that a high ionic strength could inhibit the formation of the Cu(II)-protein complex.
Therefore, a 2.0 mM H3BO3-NaOH buffer (pH 9.6) was used to adjust the pH of the sample solution.
Interference study
In order to study the potential interference of various metal ions and amino acids, a standard solution containing 0.1 µg/ml bovine albumin fraction V was premixed with these substances. Then, the CL intensity was detected according to the general procedure and compared with that of the standard solution, itself. The tolerance concentration of metal ions and amino acids are summarized in Table 1 . The results indicate that the proposed method can tolerate most of the metal ions at higher concentrations (greater than 1 × 10 -7 M). The tolerated concentrations of Co(II), Cr(III), and Fe(III) are lower because they have a strong catalytic effect on the luminol CL reaction. It can be also seen from Table 1 that amino acids are tolerated at the concentrations from 1 × 10 -8 to 5 × 10 -8 g/ml. The interference of amino acids is reasonable because they can also form stable complexes with Cu(II) as well as proteins. However, relative to 0.1 µg/ml protein, the tolerated concentrations of metal ions and amino acids should generally be greater than that in biological samples. Figure 7 shows the influence of the incubation time of the Cu(II)-protein solution on the CL intensity. The CL intensity of both the Cu(II)-protein solution and blank gradually decreased with increasing the incubation time within 0 -45 min, and then showed a slight change of less than 10% until 200 min. However, the CL intensity produced by the Cu(II)-protein complex, which is equal to the CL intensity difference between 1329 ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 the Cu(II)-protein solution and the blank, remains constant during the period of 0 -200 min. The result proves that the complex can form immediately when the solutions of Cu(II)-protein are mixed, and has a good stability. According to the results mentioned above, the CL intensity was measured after incubation for 45 min.
Influence of incubation time
Calibration curves
Bovine albumin fraction V was used as a model to construct the calibration curves for protein determination according to the general procedure. All of the analytical parameters are presented in Table 2. As Table 2 shows, there are good linear relationships between the CL intensity and the concentration of the protein in the range of 0.01 -5.0 µg/ml. The relative standard deviation for 10 measurements of the 0.01 µg/ml bovine albumin fraction V is 6.2%. Accordingly, as low as 5.8 ng/ml of the protein can be detected with the proposed method.
Protein to protein variability
Stoscheck had evaluated the absorbance value for different purified proteins in a colloidal gold assay as well as in the Lowry and Bradford assay. 5 It was concluded that the Lowry assay exhibited the least variation in the response signal for the same weight of different proteins. The CL intensities for different proteins were compared in the proposed CL assay, the data are listed in Table 3 , where the albumins, γ-G, and gelatin were selected as the tested proteins due to their difference in secondary structure, amino acid content, and/or protein size. By comparing with Stoscheck's evaluation, the data in Table 3 indicate that the CL assay is comparable with the Lowry assay concerning the protein-to-protein variability of the response signal. This is very reasonable because both the CL assay and the Lowry assay were established on the same basis of interaction between Cu(II) and proteins. Therefore, the CL assay is likely to be promising to give excellent estimations for various proteins.
Detection of immobilized protein
By using the CL assay, the determination for immobilized protein was also investigated. Bovine albumin fraction V was bound on a polystryrene tube by incubating it in a bicarbonate buffer (pH 9.6) at 4˚C overnight. The unbound protein was washed away with the buffer. Then, 1 × 10 -4 M Cu(II) in H3BO3-NaOH buffer (pH 9.6) was added in the tube and incubated for 1.0 h at room temperature. Afterwards, the tube was washed three times with the H3BO3-NaOH buffer. Finally, the CL reagent was directly added into the tube to detect the CL intensity. The results show that there is a linear relationship between the CL intensities and the protein amounts, ranging from 10.0 to 100 ng. The linear regression equation is ICL = 2.60 + 98.8C (correlation coefficient, 0.9948; detection limit, 7.0 ng). Thus, the CL assay is probably practical for the microdetermination of immobilized proteins, such as those immobilized on a gel or chip. 
